Introduction
Crack-cocaine addiction is a chronic, relapsing, brain disorder characterized by compulsive drug seeking and drug taking behavior. It is a more potent form of cocaine than inhaled cocaine itself, which results in rapid and powerful stimulant effects on central nervous system when smoked [25] . This effect is achieved mainly because crack-cocaine produces higher and faster peak plasma concentrations than inhaled cocaine [26] , thus, leading to more serious systemic and behavioral consequences. Cocaine exerts its reinforcing and early neuroadaptive effects by inhibiting the dopamine transporter, leading to a significant increase in extracellular mesolimbic dopamine [30, 31] .
The striatum is the primary input nucleus of the basal ganglia, a network of brain structures that integrate sensory and motivational information, and use it to guide the selection of goal-directed behaviors [18] . The nucleus accumbens (NAcc) is a small ventromedial sector (called ventral striatum) in the rostral striatum, that receives inputs from specific cortical regions [15] preclinical literature suggests that the NAcc plays an important role in cocaine addiction [1, 18, 28] .
Structural neuroimaging techniques in clinical studies revealed smaller cortical and subcortical areas in cocaine users than in controls [1, 19, 22, 27] . Neuroimaging studies in cocaine users point out lower striatum volumes and abnormal function in the reward system when compared to controls [1, 12, 27] .
While changes on cortical and subcortical structures have been reported in cocaine addiction and other stimulant drugs, evidence from affected volumes and neural mechanisms of crack-cocaine addiction are still incompletely understood. Also, considering the pharmacological (toxicokinetic and toxicodynamic) differences between crack-cocaine and inhaled cocaine, the effect on brain tissue may be distinct. We hypothesize that they can act unequally on the brain, having distinct neuroanatomical repercussion, according to their pattern of affinity to neural tissue.
The main objective of the present study was to investigate alterations in subcortical volumes in crack-cocaine users (CCUs). We tested the hypothesis that CCUs have altered striatal volumes when compared with healthy controls (HCs).
Methods
Thirty subjects were enrolled to this study protocol. The casecontrol design included fifteen crack-cocaine patients recently discharged from the Addiction Unit of the Hospital de Clínicas de Porto Alegre (HCPA) and fifteen healthy controls matched for gender, age, education and handedness. All subjects were Caucasians.
Inclusion criteria for patients were: 1) fulfilling DSM-IV criteria for cocaine dependence; 2) 18-60 years old; 3) having positive urine tests for cocaine at hospital admission; 4) having at least 15 days of inpatient detoxification. Active neurologic, inflammatory, cardiovascular or systemic comorbidities were excluded. All patients received pharmacological treatment by their psychiatrist according to clinical protocols. All patients were on chlorpromazine treatment, at a maximum dose of 300 mg per day. It was the only antipsychotic administered, and was used in order to reduce abstinence symptoms. The SCID-I were administered to confirm diagnosis. In this sample, all subjects presented alcohol abuse. This comorbidity is very prevalent since patients commonly use alcohol to antagonize the stimulant symptoms of crack-cocaine use. None of the subjects fulfilled criteria for abuse or dependence of other drugs.
The control group consisted of healthy volunteers who had no current or previous history as well as no first-degree family history of a major psychiatric disorder, including dementia or mental retardation assessed by the non-patient version of the Structured Clinical Interview for DSM-IV (SCID). Written informed consent was obtained from all subjects the study protocol was approved by the HCPA ethics committee under code 14-0066.
Drug use pattern and sociodemographic data were assessed using the Addiction Severity Index -6th Version (ASI-6), validated for Brazilian Portuguese. Clinical outcome was assessed through the medical records.
Magnetic resonance imaging (MRI) data were obtained in a Philips Achieva 1.5 T scanner (Amsterdam, the Netherlands). T1 high resolution sagital 3D MPRAGE (Magnetization Prepared Rapid Acquisition Gradient Echo) were acquired with NEX = 1, image matrix = 256 × 232, flip angle = 8 • , echo time = 4 ms, repetition time = 8.63 ms and voxel size 1 × 1 × 1 mm 3 yielding 160 slices. The cortical and subcortical volumetric segmentations were performed with the Freesurfer image analysis suite v.5.3.0 (http:// surfer.nmr.mgh.harvard.edu/). Previous studies have shown that subcortical segmentations performed by Freesurfer are reliable when compared to a manual segmentation [9] . All images were processed and checked by the same researcher.
The Kolmogorov-Smirnov test was used to check normality of distribution. Demographic and clinical characteristics were analysed using chi-square and T-test. Descriptive analyses are presented as mean (standard deviation) and p-values <0.05 were considered significant (significance are indicated by italics). Intracranial volumes were regressed out from Accumbens volumes, and residuals were analysed, in order to control for differences in intracranial volumes.
Results
Groups did not differ regarding age, gender (all subjects were males), education, marital status and occupation (Table 1 ). All variables in the sample had normal distribution.
Controls had greater volumes in the left accumbens (t = 3.604, df = 28, p = 0.001) compared to patients (Fig. 1) . Right accumbens volumes were also greater in controls, and had near-significant differences between groups (t = 2.098, df = 28, p = 0.045). Groups did not differ regarding intracranial volumes (p = 0.514). Regressed values were similar for left (t = 3.517, df = 28, p = 0. 
Discussion
To our knowledge, this is the first study to examine subcortical volumes in crack-cocaine users compared to matched controls. NAcc volumes were decreased in patients with crack-cocaine addiction, right and left sides. There is a lack of neuroimaging studies that assess different presentations of cocaine, and those that exist, ordinarily end up grouping them in a single pharmacological set.
Breiter was one of the first to document the effects of acute cocaine administration in NAcc/striatum and cortical areas [2] . Recently, other studies have already shown abnormalities in striatal brain regions in stimulant drug addiction [6, 7, 14, 32] . However, since different ways of cocaine consumption produces different serum levels of the drug (i.e. cocaine plasmatic levels are higher among crack-cocaine users than among inhaled cocaine users), it is possible that they impact differently in the brain as well [26] .
Several studies have used structural MRI to examine brain structure in cocaine users but there have been inconsistencies in results across studies. Narayana et al. failed to detect differences in brain regional volumes between cocaine dependents and healthy controls [22] . Those inconsistencies could be explained by the heterogenous samples, different times of crack cocaine exposure, different severity of addiction.
But, NAcc abnormalities are not exclusively found among crackcocaine addiction. Cannabis exposure was correlated to smaller right ventral striatum [23] . Similarly, in a 3 T study, left NAcc volumes were reduced among heroin-addicted patients when compared to healthy controls [24] .
Anatomically, the striatum receives both glutamatergic and dopaminergic projections from multiple cortical and midbrain regions, respectively. The ventral striatum (generally including the NAcc, ventral parts of both caudate and putamen) receives major projections from orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), anterior PFC (aPFC), anterior cingulate cortex (ACC), and temporal and limbic structures. Regarding function, the NAcc along with the mPFC, can be selectively activated by both painful and enjoyable stimuli. Together, imaging data revealed that the brain reward system and particularly the NAcc are crucial in the pathophysiology of drug addiction [3] .
The dorsal striatum, which comprises the caudatum and the putamen, is a site of mostly motor functions. The ventral striatum is primarily limbic in function, whereas the dorsal striatum is involved in cognitive processing and sensorimotor integration [16] . Striatum is commonly assessed as a single region in neuroimaging studies on cocaine addiction. In the present study, we performed the isolation of the NAcc, and the segmentation of the volumetric structures in the subcortical deep gray matter (including caudate and putamen) followed procedures described in prior publications [10, 11] .
Neuroimaging, in the same way other fronts of research -such as genetics [30] , is helping to improve the understanding about brain structure, function, and neurochemistry related to addictive behavior. This is important because it has the potential impact on treatment development for drug addiction, particularly crackcocaine users [13] . The specificities of this more potent form of cocaine include shorter periods of abstinence, different patterns of response to psychotherapeutic strategies, worst prognosis, and greater mortality [5, 8, 17, 20] . In this sense, the search for novel neuroanatomical underpinnings that could serve as biomarkers for crack-cocaine pathophysiology is extremely important. Not just as evidence for disease progression, but also for designing therapeutic targets.
These results must be interpreted bearing in mind its limitations. First of all, the small number of subjects reduces the power of the study. The exclusive male population can narrow the extrapolation of results. Still, crack-cocaine addiction is more prevalent among men, in a 4:1 proportion [4, 21, 29] . As stated before, patients that fulfilled criteria for dependence of any other substances were excluded. But, episodes of alcohol abuse are extremely prevalent in the population of crack-cocaine dependents, probably to reduce stimulant effects of the substance. In order to maintain the generalization of our results, we chose not to exclude alcohol abuse in the sample.
Greater samples with both genders could allow other important results to emerge. Besides, anatomical alterations of the accumbens do not necessarily imply that functional alterations are also present. Further studies using functional MRI, espectroscopy, or novel technics in assessing NAcc neurophysiology should be developed to address this issue.
In the other hand, this homogeneous sample, including patients with active drug use and a formal demanding for hospitalization, helps to brighten the knowledge on real life crack-cocaine effects. Aside from that, this is a population of difficult access and investigation, owing to its social vulnerability, impulsive behaviors and short motivation for treatment.
Conclusion
This preliminary and innovative data on crack-cocaine dependence suggests that there is a volumetric reduction of the NAcc, a region that has a significant role in motivation, pleasure, reward and reinforcement learning. In this way, it could play a central role in the pathophysiology of this drug addiction. Therefore, these findings may contribute to understand some behavioral and cognitive deficits in this population.
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